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論文内容要約 
Stress corrosion cracking (SCC) incidents have been reported in Ni-base alloy weld portion in the A182/A533B dissimilar 
weld joint (DWJ) of core shroud supports in several BWRs worldwide. Concern has been raised on whether these cracks can 
grow into low-alloy reactor pressure vessel after longer operation time. On the other hand, it is well known that segregation of 
phosphorus (P) at prior-austenite grain boundaries (GBs) can cause temper embrittlement in low alloy steels exposed to 
temperature range 350 - 600˚C. As a part of reactor pressure vessel in BWRs, core shroud support is a critical component of the 
pressure boundary. It is also a life-limiting component because the replacement is technically difficult and economically 
unviable. Although SCC susceptibility and P-induced temper embrittlement of low alloy steels have been extensively studied 
in the past years, little is known on the potential synergism between these two degradation modes. Since extending reactors 
service life up to 60 years or even 80 years is under consideration in many countries, it is necessary to understand whether 
synergism exists between thermal ageing and SCC in the DWJ, in order to assess the integrity of core shroud support during 
extended service life at BWR operating conditions. This research tackles this problem through three consecutive steps: 
Firstly, segregation behavior in the heat-affected zone (HAZ) in both as-welded + post weld heat treated (PWHTed) and 
acceleratedly-aged DWJs were investigated using atom probe tomography (APT). Segregation level of principal segregants at 
grain/packet boundaries, precipitate-matrix interfaces and dislocations were characterized qualitatively and quantitatively. It 
was found that non-equilibrium segregation dominated welding/PWHT and subsequent cooling process, leading to 
microstructure-dependent segregation of solutes at boundaries. Equilibrium segregation occurred during accelerated ageing, 
resulting in further increase of P and Mn segregation, but desegregation of C and Mo at boundaries. 
Secondly, SCC behavior in the HAZ of both as welded + PWHTed and acceleratedly-aged DWJs were investigated using 
creviced bent beam tests in oxygenated high-temperature water doped with SO42- and Cl-. Crack retardation, propagation and 
reactivation in HAZ were characterized in detail. Correlation between P segregation and SCC was established, suggesting 
intergranular and transgranular SCC have probably been promoted by P segregation at grain/packet boundaries and 
precipitate-matrix interfaces, respectively. 
Finally, evolution of P segregation at GBs over long-term ageing at LWR operating temperatures is modeled by McLean’s 
model based on findings in APT study. The results were correlated to susceptibility of temper embrittlement by empirical 
formulas, suggesting significant increase in the ductile-to-brittle transition temperature might only be expected in very limited 
region in HAZ. The results of this research suggest that thermal ageing could reduce SCC resistance in LAS, but only to a 
limited degree that is unlikely to cause serious concern to the overall integrity of the core shroud support after extended service 
life. 
Fig. 1 outlines the completed research.  
 
Fig. 1: Outline of the research performed. 
In total, the thesis consists of seven chapters. The main content of each chapter is described below. 
Chapter 1 introduces the current status and challenges of the life extension of light water reactors, from which this research was 
necessitated. Bibliographic review on related issues is also present, with objectives and approach being specified. 
Chapter 2 describes the materials, experimental techniques and analysis methods that are used in this research. In particular, 
specimen preparation and experimental procedures are detailed. 
Chapter 3 summarizes the microstructural characterizations of the DWJ necessary to understand the microstructural 
inhomogeneity resulted by multi-pass welding. Chemical etching revealed that complex transformation had taken place in the 
immediate vicinity of fusion boundary, which can be classified into coarse-grained HAZ (CGHAZ), fine-grained HAZ 
(FGHAZ) and intercritically reheated CGHAZ (ICCGHAZ). Crystallographic features and hardness distribution in these three 
types of HAZ microstructure are displayed. 
Chapter 4 presents the thermal ageing effects on P segregation in HAZ studied using atomic force microscopy (AFM) and APT. 
APT is mainly used to characterize the segregation behavior in real HAZ both with and without accelerated ageing, with focus 
on the effects of thermal history and microstructure on the segregation of P, as well as of other alloying elements that may 
interact with P during segregation. Results of qualitative and quantitative analysis are presented. Dominant mechanism of 
segregation during fabrication and accelerated ageing process, as well as the influencing factors of P segregation at grain/packet 
boundaries are clarified, with corresponding reasoning being described in detail. In addition, segregation of solutes at locations 
other than GBs is also characterized, and its potential consequences on P segregation during ageing are discussed. On the other 
hand, since APT can only analyze segregation behavior at very limited region of an interface, AFM was also employed to 
examine P segregation at a more general scale. The depth of GBs etched by immersing in picric acid-based solution was 
measured as indicator of segregation level of P at GBs, and was correlated to the data measured using APT to check the 
representativeness of APT data. The result of this process is also presented in this chapter. 
Thermal ageing effects on SCC susceptibility of HAZ at simulated BWR conditions investigated by CBB tests are presented in 
Chapter 5. Morphology of SCC in A182 and in HAZ are shown. Qualitative and quantitative results of the SCC behavior in 
base material and DJW both with and without ageing are presented and compared. Models for SCC propagation/reactivation in 
the immediate vicinity of fusion boundary in HAZ are proposed, along with relevant mechanisms of high likelihood. 
Extrapolation between P segregation and SCC susceptibility is given, enabling quantitative estimation of the effects of P 
segregation on intergranular SCC in HAZ. 
Chapter 6 details the modelling to predict evolution of P segregation in HAZ over long-term ageing at LWRs operating 
temperatures. Ideal equilibrium segregation in Fe-P binary system without site-to-site interactions is presented. Selection of 
values of the coefficients necessary for calculation is described. Results are presented, and their implications on the integrity of 
core shroud support over long-term ageing are discussed. 
Chapter 7 summarizes the experimental findings and key conclusions of this research. High-priority items for future work are 
also suggested. 
 
